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By Addison M. Rotnrock 

National Aeronautics and Space Administration 
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INTRODUCTION 

Before discussing spacecraft propulsion, it is well t o  define what we 
mean by a spacecraft. A spacecraft i s  a vehicle t h a t  t r ave l s  outside the  
e a r t h ' s  a tmapbere fo r  the grea te r  par t  of i t s  mission. Using t h i s  def ini-  
t ion,  the  simplest examples of spacecraft are  high-alt i tude sounding rockets 
or long-range b a l l i s t i c  missiles,  popularly known as IRBM's (intermediate 
range b a l l i s t i c  missi les)  and I C B M ' s  ( intercontinental  b a l l i s t i c  missi les) .  
From these we go t o  the more advanced devices - the  ear th  s a t e l l i t e ,  the  deep 
space probe, the interplanetary vehicle, and so for th .  The research and de- 
velopment of the missi les  w a s  largely responsible f o r  providing rocket pro- 
pulsion systems adequate f o r  advanced space ac t iv i t i e s .  

' 

Using missi les  as an example of  a simple spacecraft ,  f igure 1 shows 
t h a t  t o  cause a body t o  t r ave l  from point A on the ea r th ' s  surface t o  point 
B on the e a r t h ' s  surface by means of a b a l l i s t i c  t r a j ec to ry  i n  space requires 
t h a t  the  body be accelerated t o  a velocity of 9500 miles per hour i f '  A and B 
a re  1500 miles apart  and a velocity of 16,000 miles per hour if A and B a re  
5500 miles apar t .  
shor t ,  being measured i n  minutes. The r e l a t ion  between distance t raveled and 
the  ve loc i ty  t o  which the vehicle is accelerated is  not l i n e a r  as is  shown i n  
f igure  2. 
l o c i t y  of about 17,000 miles per hour. 
angle of f l i g h t  r e l a t ive  t o  the ea r th ' s  surface at the end of the  accelerating 
period i s  such s o  as t o  give maximum range. This angle var ies  from about 40° 
t o  the horizontal  f o r  the 1500 mile range t o  about 25' f o r  t he  5500 mile 
range. A t  the 17,000 miles per hour, i f  t he  vehicle i s  abave the  e a r t h ' s  
atmosphere and at  an angle reasonably close t o  tangency with the earth 's  sur- 
face,  the distance becomes i n f i n i t e ,  that  is ,  the  vehicle goes i n t o  o r b i t  
around the  ear th .  I n  t h i s  case the  velocity imparted t o  the body at  the  
appropriate distance from the  ear th  (about 300 miles) produces a centr i fugal  
force j u s t  equal t o  the ea r th ' s  gravi ta t ional  pu l l .  

I n  each case, the  accelerating period should be qufte 

Figure 2 a lso shows t h a t  the distance becomes asymptotic t o  a ve- 
It i s  assumed i n  the f igure t h a t  the 

'Much of the  information contained i n  t h i s  paper has been published i n  
two previous papers by the  author: 
Energy Fuels," presented at the Symposium on High Energy Fuels of t he  Meet- 
ing of the  American Chemical Society i n  Boston, Massachusetts, April  10, 
1959; and ( 2 )  "Aircraf t  and Spacecraft Propulsion,'' presented a t  the Special  
Anniversary Meeting of the Canadian Aeronautical I n s t i t u t e ,  February 23-24, 
1959 i n  Montreal, Canada. 

(1) "Spacecraft Propulsion and High 



Going a s tep f a r t h e r  ( f ig .  3)) if t h e  ve loc i ty  of t he  vehicle i n  o r b i t  
i s  increased an addi t ional  7000 miles per  hour, it w i l l  t r a v e l  outward from 
the  ear th  orb i t  and i f  aimed correct ly ,  w i l l  approach t h e  moon. A t  about 
200,000 miles from the  ear th  and 40,000 miles from the  moon, t he  moon's 
grav i ta t iona l  p u l l  on the  body w i l l  exceed t h a t  of t he  ear th .  If, as the 
vehicle approaches the moon, it i s  slowed down by about 1500 m i l e s  per  hour, 
it w i l l  go into o r b i t  around the  moon. 
of  4000 miles an hour and the  body w i l l  be drawn i n t o  and land on the  moon. 
The ve loc i t ies  given here w i l l  vary with the  spec i f i c  f l i g h t  plan chosen. 

An addi t ional  decrease i n  ve loc i ty  

Repeating these ve loc i t ies  i n  magnitude bu t  i n  the  opposite d i rec t ion  
and with appropriate guidance, t he  vehicle w i l l  go i n t o  moon o r b i t ,  leave 
the  moon orb i t ,  and start  toward the earth,  en t e r  an ear th  o r b i t ,  and 
f i n a l l y ,  land 'on the  ear th .  The dimensions i n  f igure  3 are approximately 
t o  scale.  

W e  have seen from these examples t h a t  control led space t r ave l  is l a rge ly  
a matter of imparting veloci ty  changes t o  t h e  vehicle,  changes tha t  vary both 
i n  magnitude and direct ion.  
vehicle  i s  not necessar i ly  s ta ted ,  only the  ve loc i ty  change. For instance,  
although the  vehicle l e f t  the  ear th  o r b i t  at a ve loc i ty  of 24,000 miles per  
hour (17,000 t 7000), i t s  veloci ty  r e l a t i v e  t o  the  ear th  cont inual ly  decreased 
as the  moving vehicle did work against  t he  ear th ' s  g rav i t a t iona l  f i e l d .  A t  
10,000 miles from t h e  ear th  i t s  ve loc i ty  r e l a t i v e  t o  the  earth would be about 
13,000 miles per hour, and the  ve loc i ty  would continue t o  decrease u n t i l  t h e  
grav i ta t iona l  p u l l  of t he  moon caused the  vehicle t o  acce lera te  again. 

It i s  noticed tha t  t h e  ac tua l  veloci ty  of the  

We now define the  spacecraf t  propulsion system as a device f o r  changing 
the  ve loc i ty  of a spacecraft  i n  e i t h e r  magnitude or di rec t ion .  
again t o  t h e  moon landing and return,  t he  t o t a l  ve loc i ty  change required i s  
59,000 miles per hour ( t ab le  I) .  O f  t h i s  ve loc i ty  change, 42,000 m i l e s  per  
hour must be supplied by the  propulsion system. For t h e  f i n a l  17,000 m i l e s  
per  hour increment t o  re turn  from ear th  o r b i t  t o  the ear th ,  all but  a s m a l l  
f r ac t ion  w i l l  be accomplished by means of aerodynamic drag as the  vehicle  
passes through t h e  earth's atmosphere. 

Referring 

, I  

Representative ve loc i ty  changes f o r  d i f f e x y t  missions as estimated by 
Sutton are given i n  f igure  4. 
mission path, but not su f f i c i en t ly  t o  change t h e b a s i c  p ic ture .  
r e tu rn  t o  ea r th  i s  involved, the veloci ty  decrease 
hour from e a r t h  o r b i t  t o  ear th ' s  surface i s  f o r  t he  most p a r t  accomplished 
by the  resis tance of t h e  ea r th ' s  atmosphere. 

These ve loc i t i e s  k i l l  vary w i t h  t h e  p a r t i c u l a r  

of about 17,000 miles per  
Where a 

To change t h e  ve loc i ty  of a spacecraft  i n  magnitude o r  d i rec t ion ,  t h e  
propulsion system must exer t  a force on t h e  body. To exer t  a force  ar t i -  
f i c i a l l y  on a body i n  space, a mass must be accelerated from, or energy must 
be discharged from the  body, thus producing a react ion force on the  body; 
or mass o r  energy must s t r i k e  the  body, adhering to ,  or being r e f l ec t ed  from 
the body. 
r en t ly  used. 

The system of accelerat ing a m a s s  from the  body i s  the  one cur- 
l 

- 2 -  



The mass accelerated from the body can be e i t h e r  so l id ,  l iqu id ,  or gas. 
A s  a matter of convenience, it i s  accelerated i n  the form of a gas. This 
gas is termed the propellant.  
o f f  the  body i s  under research consideration but w i l l  be referred t o  only 
b r i e f l y  here. 

7 Reflection of photons (energy) from the  sun 

Through t h i s  discussion, m a s s  w i l l  be used, ra ther  than  weight. 
weight of a body i s  t h e  gravi ta t ional  pu l l  of the ear th  on the body, 
consequently, varies inversely a s  the square of the  distance from the ea r th ' s  
center .  
t he  conditions discussed i n  t h i s  paper, remains constant. 
the  body at  e a r t h ' s  sea l eve l  i s  numerically equal t o  the  m a s s  of the body. 

The 
and, 

The m a s s  of the body is  an inherent property of the  body and, under 
The weight of 

We know t h a t  if the propellant i s  discharged at a given r a t e  having 
been accelerated within the vehicle t o  a given velocity,  the force produced 
on the vehicle  i s  expressed by 

i n  which 

F force  produced 

lv$ mass of propellant discharged 

t €ime during which discharge takes place (Mp/t is  therefore r a t e  of 
propel lant  discharge) 

Vp veloci ty  of propellant discharrge re la t ive  t o  the  vehicle, t h a t  i s ,  
veloci ty  t o  which propellant is  accelerated 

The change i n  velocity produced on the  vehicle i s  

v v = - t  F 
Mv 

i n  which 

yT m a s s  of the vehicle 

Vv the  change i n  vehicle velocity produced by the force F 

t the time during which the force a c t s  

The time during which the force a c t s  i s  the  time during which the  pro- 
pe l l an t  is discharged. The value of  f o r c e  F i n  equation (1) can be sub- 
s t i t u t e d  i n  equation ( z ) ,  giving I 

MP 
Mv vv = - vp 
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We see t h a t  w e  have a re la t ion  involving two veloci t ies  and two masses. 
Since i n  practice,  the mass of t he  vehicle at the  s tar t  of velocity 
change must have added t o  it the mass of the propellant carried; and, 
since t h i s  propellant mass aboard the vehicle i s  progressively decreased 
during the accelerating period, equation (3) should be rewri t ten as 

MV 

+ +  
v v = . r *  )v* (4) 

is  in fact, Mv 
Y T + &  

It can be shown that the function of 

% + M p  
% 

In- 

the  natural  logarithm of the r a t i o  of the m a s s  of the vehicle plus propel- 
l a n t  a t  the s t a r t  of azceleration t o  the mass of the vehicle l e s s  propellant 
discharged during the acceleration. 

we now rewrite equation ( 4 )  as 

vv = vp (5) 

i n  which 

= Mv + Mp 

The reason the logarithm enters i n to  the r e l a t i o n  i s  t h a t  each increment of 
propellant carr ied aboard must be accelerated as p a r t  of t he  vehicle u n t i l  
such time as the increment i s  discharged. To give a general idea of t he  
values of the logarithms f o r  the range of i n t e r e s t ,  t a b l e  I1 i s  presented. 
We see t h a t  an eightfold increase i n  the  r a t i o  of masses r e s u l t s  i n  approx- 
imately a threefold increase i n  the logarithm and therefore  i n  the  vehicle 
velocity.  The veloci ty  increase Vv i s  added vector i ly  t o  any velocity 
t h e  vehicle had at the  start  of the accelerating period. 

The importance of equation (5)  cannot be overemphasized. The equation 
shows t h a t  t h e  veloci ty  change t o  t h e  vehicle var ies  d i r e c t l y  with the  ve- 
l o c i t y  w i t h  which the propellant i s  discharged. 
t h e  present discussion w i l l  be on the means of obtalning higher propellant 
ve loc i t i e s .  It is f o r  t h i s  reason t h a t  we w i l l  go i n  our discussion from 
chemical thermal rockets, t o  nuclear thermal rockets, t o  nuclear e l e c t r i c  
rockets. 

For t h i s  reason much of 

Equation (5) assumes there  a re  no other  forces act ing on the  vehicle 
o ther  than t h e  propulsive force.  
t i o n a l  forces acting on the vehicle.  
forces depends on the proximity of t h e  vehicle t o  the d i f f e r e n t  heavenly 
bodies. Launching from the surface of t he  ear th  f o r  instance,  subjects 

I n  prac t ice  there  a re  always gravita- 
The magnitude and d i rec t ion  of these 
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t h e  vehicle t o  the ea r th ' s  full gravi ta t ional  f i e ld .  I n  cases where the  
grav i ta t iona l  forces are s ignif icant  a modification is  required t o  equa- . t i o n  (5) as follows: 

MG Vv = Vp In 5 -get 

i n  which 

ge average graQitat ional  force acting on vehicle during the accelerating 
period 

t time f o r  acceleration 

Whether o r  not the term get need be considered depends on i ts  magni- 

tude i n  r e l a t ion  t o  Vp I n  - . "he velocity of a vehicle i n  space is  of (3 - 
course always changing becgusk of the  vector sum of a l l  t he  grav i ta t iona l  
forces  act ing on it. It w a s  t h i s  f a c t  t h a t  ledastronomers t o  loca te  the 
planets Neptune and Pluto through t h e i r  g rav i ta t iona l  effects  on the veloc- 
i t ies  of t h e  other planets.  

One more chaage w i l l  be made i n  equation (5).  I n  space f l i g h t  the  
vehicle  i s  often divided i n t o  two major par t s .  The first  is  the propulsion 
system, propellant tankage, and necessary additional s t ructure .  The second 
i s  the  device t h a t  is performing the  desired operation i n  space. 
p a r t  is  termed the  payload. 
c i se ly .  On current spacecraPt, the payload is t h a t  portion t h a t  contains I 

the  instruments or  passengers, which are being used i n  accomplishing the  
spec i f ic  objective of the mission. 
can be separated in to  two par t s  

This 
Unfortunately, payload cannot be defined pre- 

From t h i s  standpoint the vehicle mass 

i n  which 

Mst 
MPL 

the  mass of propulsion system, propellant tanks, additional s t ruc ture  

t h e  m a s s  of the payload t h a t  performs the  actual  space mission 

In  a multistaged rocket, the payload of each stage consis ts  of all the  
subsequent stages,  plus the final payload. Equation ( 6 )  can now be rewri t ten 

i n  which 

Equation ( 7 )  indicates the importance of a low value of Mst, t h a t  is, 
of the r a t i o  %t/%. 
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We emphasized previously the  importance of propellant veloci ty .  We 
w i l l  now examine the  e f f e c t  of the r a t i o  
assume representative values. I n  a chemical rocket a r a t i o  %t/% of 
0.10 i s  reasonably representative.  Values of M P ~ / %  from 0.05 t o  0.33 
a r e  appropriate. A decrease of 20 per- 

Mst/Q. To do t h i s  w e  must 

Consider f i rs t  t h e  0.05 value. 

I 

r -  

' from 1 cent i n  MSt/% from 0.10 t o  0.08 changes t h e  f r a c t i o n  
MSt MPL - 
MG +%- 

6.67 t o  7.69 and the  natural  logarithm of  the f r a c t i o n  from 1 .90  t o  2.04, 
g i v h g  an increase of 7 . 5  percent i n  the vehicle velocity.  
of 0.33 for MPL/% Mst/%, the  increase i n  ve- 
h i c l e  velocity becomes 6 percent. Although the  e f f e c t s  here a re  less than 
those with changes i n  propellant veloci ty ,  they a re  s t i l l  important. 

Using the  value 
and the same values f o r  

We have now presented the  basic  equations that determine the  change i n  
vehicle velocity as a result of t h e  force produced by t h e  propulsion system. 
We see t h a t  the f ac to r s  of major importance i n  obtaining a given payload 
ve loc i ty  change are: (1) the  veloci ty  with which the  propellant is  ejected 

the  weight of t he  vehicle less propellant and payload t o  the- gross  weight, 
and (3) ( i f  s ign i f icant  grav i ta t iona l  forces  are acting on the vehicle) ,  t he  
t i m e  during which t h e  force ac ts .  

from the vehicle by t h e  propulsion system, ( 2 )  t he  r a t i o  of - . 1 

One more term w i l l  be discussed before taking up the  propulsion system - 
t h a t  i s ,  specif ic  impulse. 
propel lant  velocity , V p  
a l l y  used i s  spec i f i c  impulse, Isp, t h a t  i s , t h e  pounds of t h r u s t  ( force)  
produced by the propulsion system f o r  each pound per  second of propellant 
discharged. The propellant veloci ty  i n  f e e t  per  second i s ,  i n  f a c t ,  numer- 
i c a l l y  t h e  force produced by the  propellant i n  poundals. Therefore, divid- 
ing t h e  propellant veloci ty  i n  f e e t  per second by 
t h e  propellant force i n  pounds of t h r u s t  per pound of propellant discharged 
per  second; or expressed generally, 

Equation ( 7 )  and the  preceding equations use the  
as the s ign i f icant  variable.  The term more gener- 

g ( 3 2 . 2  f t  sec-') gives 

W e  a r e  now ready to- 'kurn t o  the propulsion system. 

The propellant system, as w a s  s ta ted,  i s  a device t h a t  produces a force 
by accelerating a mass (propel lant)  from the vehicle.  Therefore, t he  system 
nlust contain i n  addition t o  the propellant,  an energy source, a device f o r  
converting t h i s  energy i n t o  a form (heat or e l e c t r i c i t y )  t h a t  can be used t o  
accelerate  the propellant and also a means f o r  accelerating t h e  propellant.  
The propulsion system can be conveniently outlined as shown i n  f igure 5. 
The energy source can be nuclear or chemfcal. 
i n  t h e  form of a sol id ,  l i qu id ,  or gas. I n  pract ice ,  it i s  car r ied  as a 
s o l i d  or l iqu id  and f o r  convenience, converted i n t o  a gas before being accel- 
erated from the vehicle. The propellant cduld be energy (photons) ra ther  
than mass. The powerplant performs the  three  functions l i s t e d .  There are 
t h e  materials of which the powerplant is made, and i n  some cases, a heat- 
transfek. f l u id  i s  required t o  t ransfer  energy i n  t h e  form of heat within t h e  

The propellant can be car r ied  

- ,  
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powerplant or t o  cool the  powerplant. The propulsion system w i l l  be dis-  
cussed under these f i v e  major headings. 

The space propulsion systems are, i n  general, re fe r red  t o  as rockets. 
They can be divided i n t o  thermal or e l e c t r i c  rockets. The thermal rockets 
a r e  e i the r  chemical or nuclear ( f i g .  6 ) .  I n  the  chemical thermal rocket, 
the  combustion of f u e l  and oxidant form a hot combustion gas (propelIant) ,  
which i s  accelerated by expansion through the nozzle. I n  the  nuclear 
thermal rocket the  gaseous propellant i s  passed through a nuclear reactor  
and thereby, heated. The hot propellant i s  expanded through the  nozzle 
and so  accelerated. 

The nuclear e l e c t r i c  rocket i s  shown i n  f igu re  7.  It, 8s wel l  as the  
thermal rockets, will be discussed i n  more d e t a i l  later.  It is  su f f i c i en t  
t o  say f o r  t he  present t h a t  with the e l e c t r i c  rocket e l e c t r i c  power from 
an e l e c t r i c  power generating system accelerates  the  propellant.  

With t h i s  br ie f  descr ipt ion of t h e  systems, we will t u rn  t o  a de ta i led  
discussion of the  spacecraft  propulsion system components as diagrammed i n  
f igu re  5. 

ENERGY SOURCE AND PROPELLANTS 

Chemical and Nuclear Reactions 

Energy from the  source, e i ther  chemical or nuclear, i s  t ransfer red  i n t o  
heat  or e l e c t r i c i t y  by e i t h e r  combination of two or more elements or com- 
pounds or by decomposition of one or more elements or compounds ( f ig .  8). 
Chemical energy can be converted in to  heat or i n t o  e l e c t r i c i t y ,  the basic  
process i s  the  same - interchange of e lectrons between the  elements or com- 
pounds involved. Nuclear energy can be converted d i r e c t l y  i n t o  heat and 
from heat t o  e l e c t r i c i t y  e i the r  by means of conventional e l e c t r i c  power gen- 
e ra t ing  devices or by means of thermopiles, or considering so lar  energy 
d i r e c t l y  i n t o  e l e c t r i c i t y  through photoelectr ic  c e l l s .  These l a t t e r  pro- 
cesses are  current ly  of too l o w  eff ic iency t o  be used as propulsion de- 
vices.  Research t o  improve these e f f i c i enc ie s  i s  being pursued act ively.  
The nuclear energy conversion t o  heat can take place i n  a nuclear reac tor  
or can be from the  sun i n  the  form of radiant  energy. For space propulsion 
a l l  phases l i s t e d  i n  f igure  8 a re  under consideration, although current  
usage i s  l imited t o  chemical combination or decomposition with the release 
of heat.  

It is  advisable to discuss b r i e f ly  the  difference between a chemical 
and a nuclear reaction: 
nuclear react ions.  I n  each case, t he  nucleus of the  atom i s  represented 
by the  s o l i d  c i r c l e .  The protons i n  the nucleus a re  indicated by + ' s  
and the neutrons by n ' s .  The electron o r b i t s  surrounding the  nucleus are 
indicated by the dashed c i r c l e s  and the electrons by the  s o l i d  c i r c l e s  
placed on the  o rb i t s .  
remained unchanged, only the  electrons being involved. The elements are 
theref  ore unchanged, only rearranged. I n  the  nuclear combination, heavy 

Figure 9 shows examples of simple chemical and 

It i s  noted t h a t  i n  the  chemical react ion the  nuc le i i  
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hydrogen (also cal led deuterium) i s  shown. 
one neutron as well as the proton. 
changed. 
neutron. As w i l l  be shown l a t e r ,  t h i s  difference i n  the  chemical and 
nuclear reactions r e su l t s  i n  a tremendous difference i n  energy release 
pe r  unit m a s s  of material involved. 

I n  t h i s  case t h e  nucleus has 
Now, i n  the reaction, t h e  nuc le i i  a r e  

The two heavy hydrogen atoms become one helium atom plus a f r e e  

Figure 10 shows examples of chemical and nuclear combination and dis- 
sociat ion using the  more conventional symbols fo r  t he  chemical elements 
involved. The symbol eV i-ndicates the energy released i n  the  reaction. 
We w i l l  discuss i t s  magnitude later.  I n  the  nuclear equations, the l e f t -  
hand subscript  indicates the number of  protons i n  the nucleus ( t h a t  i s ,  
the atomic number). 
tons plus the number of neutrons ( t h a t  i s ,  the atomic mass). The t h i r d  
nuclear equation represents radioactive decay such as occurs i n  nature. 

The right-hand subscript  indicates  the number of pro- 

The energy source i n  the space propulsion system w i l l  consis t  of one 
or more of the chemical elements as l i s t e d  i n  the periodic t a b l e  ( f i g .  11). 
The elements may be i n  atomic o r  molecular form. For chemical reaction, 
molecules rather than atoms are  used. Chemical energy conversion t o  heat  
or e l e c t r i c i t y  w i l l  be considered f i r s t .  

Chemical Energy Conversion 

A chemical react ion involves the atomic electrons and not the nucleus. 
For the  most pas t  the electrons involved a re  those i n  the  outer s h e l l .  
These vary progressively i n  number from one t o  e ight .  These a re  shown i n  
f igure  11 diagrammatically around the Roman numerals designating the  re- 
spective columns. 
ure 1 2 ,  which includes two elements with one electron i n  the outer s h e l l ,  
indicated by K f o r  hydrogen ( H )  and P f o r  cesium (Cs) .  The two other  
elements shown, oxygen (0) and polonium (Po),have s i x  electrons i n  the 
outer  s h e l l .  Since the number of electrons involved i n  the outer  s h e l l s  
varies progressively from one t o  e ight  aud s ince these a re  t h e  electrons 
i n  general  t h a t  a re  involved i n  a chemical reaction, it i s  reasonable t o  
expect t h a t  a curve of energy release versus atomic number should be 
periodic i n  form and t h a t  t he  d i f fe ren t  m a x i m u m  energies i n  the curve 
should be about the same. The proof of t h i s  i s  shown i n  f igure  13 i n  
which the calculated energy release,  e i t h e r  i n  t h e  form of heat o r  elec- 
t r i c i t y ,  i s  shown f o r  the various elements react ing with oxygen. I n  
choosing fue ls  and oxidants, t he  energy release per  mit m a s s  i s  of more 
i n t e r e s t  than the release per  molecule formed. 
a r e  replot ted on a mass basis i n  figure 14. 
i n  t he  reaction become heavier as the  atomic number of t h e  element in- 
creases and since the r a t i o  of "fuel" t o  "oxygen" i n  the  react ion va r i e s ,  
t h e  curve shows continually decreasing m a x i m a  as atomic number i s  increased 
and there  are cer ta in  changes i n  the'elements from f igure  13 t o  1 4  at which 
t h e  maxima occur. Figure 1 4  indicates  t h a t  t he  elements of i n t e r e s t  as 
Chemical rocket fue l s  are hydrogen and those of atomic numbers c lose t o  
beryllium (Be) and aluminum ( A l )  and possibly scandium (Sc) .  This sect ion 
Of  t h e  curve i s  enlarged i n  f igure  15, i n  which the primary oxides and 
the  l iquefact ion (boi l ing)  temperature of c e r t a i n  of t he  oxides a re  a l so  

An enlargement f o r  four of t he  elements i s  shown i n  f ig -  

The d a t a  i n  figure 13 
Since the molecules formed 

- 8 -  



shown. 
it i s  reasonable t o  s t a t e  t h a t  high l icpefaction temperature combustion 
products w i l l  probably be a source of trouble, from the  standpoint of ex- 
t r a c t i n g  the heat both from the i iqucfied or s o l i d i f i e d  drops or from de- 
p o s i t s  formed within the propulsion c;-stem. For t h i s  reason, the l i g h t  
m e t a l s  w i l l  probably be used i n  rocket fue ls  i n  reasonably limited 
percentages. 

The oxides l i s t ed  are  i n  f a c t  ceramics. Without goii-: i n t o  detail ,  

From f igure 15 the  elements of i n t e r e s t  as space propulsion f u e l s  i n  
chemical-thermal systems are, i n  general, those l is ted under heat i n  f i g -  
ure 16 .  Without going i n t o  d e t a i l ,  the oxidants of most i n t e r e s t  are cur- 
r e n t l y  f luor ine  and oxygen. Two elements, nitrogen ( N )  and chlorine (CI.), 
a r e  l i s ted  as ca r r i e r s .  
these t v o  elemen% are used extensively t o  form s u i t a b l e  s o l i d  or l i q u i d  
rocket f u e l s  and oxidwLts. The lower h a l f  of f igure 1 6  l i s t s  c e r t a i n  com- 
pounds that are used i n  the 2 i r e c t  production of e l e c t r i c i t y  by chemical 
reaction. The corresponding numbers under A and B represent corresponding 
h a l f  c e l l s  or as they might be termed, oxidants and fuels .  With the excep- 
t i o n  of t h e  oxygen-hydrogen c e l l ,  t he  elements involved have high atomic 
weights and, therefore,  yield low energy outputs per mass of reactants .  
Direct conversion of chemical energy t o  e l e c t r i c i t y  i s  not current ly  of 
i n t e r e s t  as a means of spacecraft  propulsion, but i s  of i n t e r e s t  as a 
means of producing e l e c t r i c  power f o r  other use aboard the cr&. 

- 

Although the te -m c a r r i e r  i s  not too sa t i s fac tory ,  

-- 

Following t h e  conversion of chemical energy i n t o  heat within t h e  pro- 
pulsion system powerplant the heat m u s t  be t ransfer red  t o  the  propellant.  
Since, i n  t h i s  case the propellant i s  the exhaust gas formed during t h e  
combustion of f u e l  and oxidant, the f irst  t w o  steps,conversion and t r ans fe r ,  
take place simultaneously. The acceleration of t h e  propellant is  accom- 
pl ished by expansion thyough the rocket nozzle. The process may be visual-  
ized as follows: According t o  t h e  kinet ic  theory of gases, the k ine t ic  
energy of a molecule i s  dependent on the temperature. I n  other words, tem-  
perature  i s  a measure of molecular kinet ic  energy 

1 2  - mVm = KT 2 

i n  which 

m mean molecular weight of exhaust gas  

Vm mean molecular veloci ty  

K a constant (varying somewhat w i t h  the molecules invol-ved) 

T, absolute cxxbustion temperature 

- Equation (10) may be rewri t ten 
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which s t a t e s  t h a t  the - mean molecular veloci ty  var ies  as the  square root  of 
t h e  gas temperature divided by the  mean molecular weight. The mean molec- 
u l a r  velocity, Vm, i s ,  i n  f a c t ,  a measure of t h e  heat  (more cor rec t ly  the  
square root  o f  the heat energy) released per  u n i t  mass as expressed i n  f i g -  
ures 13 t o  15. The veloci ty  Vm i s  a random veloci ty .  The purpose of t he  
expansion of t h e  propellant gas through the  rocket nozzle i s  t o  change t h i s  
random velocity i n  pa r t  i n t o  a directed velocity,  Vp, of t he  propel lant  as 
a whole. 
erated i s  d i r ec t ly  proportional t o  the random molecular veloci ty  resu l t ing  
fron the combustion temperature; t h a t  i s ,  

It can be shown t h a t  t he  veloci ty  t o  which the  propellant i s  accel- 

I n  t h i s  manner the  thermal energy of combustion expressed t o  a f i rs t  
approximation i n  f igure 15 accelerates t h e  propellant (combustion or exhaust 
g a s ) .  It i s  seen from equation ( 1 2 )  t h a t  a m a x i m u m  value of Tc/m i s  de- 
s i r ed ;  thergfore, a high combustion temperature and a low mean molecular 
weight of combustion products is  desired. 

Since the propellant i s  the  combustion product of f u e l  and oxidant, 
t h e  values of T, and m a re  determined by choice of f u e l  and oxidants. 
The combustion temperatures experienced i n  prac t ice  do not vary much - say, 
from 4500' t o  7000° F, t h e  square root of t he  r a t i o  of absolute values 
being 1.22, which represents approximately the  var ia t ion  i n  propellant ve- 
l o c i t y  or specif ic  impulse as a r e s u l t  of temperature change. 
i n  molecular weight, as w i l l  be shown later,  i s  from about 3 2  t o  11, the  
square root  of t he  r a t i o  being about 1 . 7 0 .  
impulse w i t h  current ly  considered f u e l s  and oxidants i s  t he  product of these 
two numbers or  about 2.0. 

The var ia t ion  

The t o t a l  var ia t ion  i n  spec i f i c  

Since the maximum value of t he  r a t i o  Tc/m i s  desired,  the r a t i o  of 

It is  seen t h a t  as the  oxidant - 
oxidant t o  fue l  i s  adjusted t o  give t h i s  maximum, as shown i n  f igure  17 for 
mixtures of oxygen and a boron hydride. 
f u e l  r a t i o  i s  increased beyond the  stoichiometric value of 3.5, t he  grea te r  
a f f i n i t y  of boron f o r  oxygen r e s u l t s  i n  hydrogen appearing i n  increasing 
amounts 21.: the combustion products. Consequently, t h e  average molecular 
weight continually decreases, and the maximum value of propellant veloci ty  
occurs at l e s s  than the  m a x i m u m  temperature. 

The second major f ac to r  affect ing spec i f i c  impulse is  t h e  pressure 
r a t i o  across t h e  discharge nozzle. Considering the pressure r a t i o s  rea l ized  
i n  prac t ice  and the  l imi ta t ions  on discharge nozzle design, t h i s  f a c t o r  i s  
about 1 . 2 5  for t he  r a t i o  of t he  spec i f i c  impulse, or propellant veloci ty ,  
of a rocket designed t o  operate outside the  e a r t h ' s  atmosphere and one de- 
signed f o r  sea-level operation. 

Figure 18 l i s t s  the spec i f i c  impulses of representative oxidants and 
f u e l s  t h a t  are l i qu ids  or gases at atmospheric temperatures and pressures. 
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I n  each case, the  oxidant i s  l i s t e d  t o  the l e f t  (Os f o r  example) and the 
f u e l  t o  the  r igh t  (H2 f o r  example). It i s  noticed t h a t  as a generali ty,  
t he  simpler molecules have the  higher specif ic  impulse. Also, t h a t  with 
the  l a r g e r  molecules, hydrogen (a  fue l )  may appear i n  the  oxidant and 
oxygen may appear i n  the fue l .  This resu l t s  i n  cer ta in  desirable charac- 
t e r i s t i c s  at the expense of specif ic  impulse. 
dants (02,  F2 or  03) t h a t  are normally gases a re  maintained as l iqu ids  by 
m e a n s  of re f r igera t ion  and axe termed cryogenics. The required liquefac- 
t i o n  temperatures (boi l ing point)  together with cer ta in  other propert ies  
of i n t e r e s t  i n  evaluating the  fue ls  and oxidants a re  shown i n  f igure 19. 

Those fue ls  (HE) and oxi- 

Sol id  chemical propellants consist e i t he r  of an intermixed f u e l  and 
oxidant, in which case the term composite propellant i s  used o r  of one o r  
more unstable compounds each of which w i l l  decompose of i t s  own accord 
with the release of heat. Since many so l id  propellants i n  t h i s  second 
category are based largely on a colloid of ni t roglycer in  and ni t rocel lu-  
lose ,  they are often re fer red  t o  as aouble-base propellants.  For the  
composite s o l i d  propellants,  t he  oxidant i s  usually a perchlorate o r  a 
n i t r a t e .  Again, the elements l i s t e d  i n  f igure 16 are desired. 

Final ly ,  so-called metastable, or f r e e  r ad ica l  fue ls  and oxidants 
might be mentioned. These are essent ia l ly  p a r t i d l y  decomposed molecules 
tha t ,  because of t h e i r  p a r t i a l  decomposition, y ie ld  higher heats of com- 
bustion thah the more s tab le  forms. 
far precluded t h e i r  use i n  chemical rocketry. 

Their inherent i n s t a b i l i t y  has so 

Nuclear Energy Conversion 

The l imi ta t ion  of combustion temperature and combustion product mole- 
cular  weight might be removed o r  lessened i f  an independent energy source 
i s  used t o  heat the  propellant. Nuclear energy i s  of grea t  i n t e r e s t  from 
t h i s  standpoint. Following the same procedure used with chemical energy, 
we w i l l  f i rs t  examine the heat output per u n i t  weight of nuclear f u e l  con- 
sumed. Figure 20 shows the calculated energy release f o r  nuclear fusion 
or f i ss ion .  I n  the nuclear reaction the atomic nucleus, r a the r  than the 
surrounding electrons,  are involved. Therefore, there  i s  no periodic var i -  
a t ion  involved as with the chemical reaction. 
reasoning, the  binding energy of the  atomic nuc le i i  is  highest f o r  the atoms 
of intermediate weight - s a y ,  those between calcium ( C a )  of atomic mass 
number 40 and broqSne (Br)  of atomic mass number 80. For elements l i g h t e r  
than these,  energy is  generated through atomic fusion. 
exergy i s  released through f i ss ion .  The values shown are f o r  fusion o r  
f i s s i o n  t o  elements i n  the  calcium t o  bromine range. 
as obtained currently i s  t o  helium, rather than t o  - say, calcium. Con- 
sequently, the  energy release i s  about 50K1-0~ Btu per pound, r a the r  than 
335KL09 shown. 
shown f o r  the  chemical reactions i n  figure 14. I n  prac t ice ,  a ratko of 
l o 6  i s  more reasonable because of the low "combustion" eff ic iency of the  
nuclear reaction. 

Without going in to  the  

For heavier elements 

The hydrogen fusion 

It i s  noted t h a t  these values are roughly lo7  times those 
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We see t h a t  with nuclear energy the mass of f u e l  consumed i s  negligible,  
but a propellant must be provided. Since the basic r e l a t i o n  involved (eq. 
( 1 2 ) )  shows the d e s i r a b i l i t y  of a low molecular weight propellant,  hydrogen 
i s  chosen. The molecular weight of hydrogen i s  2,  approximately one-sixth 
t o  one-sixteenth t h a t  proposed with the  chemical f u e l s  giving, at t h e  same 
temperature,-twDto four times the  specif ic  impulse, t h a t  i s ,  propellant 
veloci ty .  

I n  t h e  case of the nuclear thermd rocket, t he  propellant i s  passed 
through a nuclear reactor  and thus heated. It is then expanded through a 
nozzle, and so accelerated as w a s  the case with the  chemical rocket. The 
temperature t o  which the propellant i s  heated i s  now l imited by the  temper- 
a tu re  t o  which the reactor can be heated. This w i l l  be discussed i n  more 
d e t a i l  later. Suffice it t o  say t h a t  current materials l i m i t  it t o  values 
lower than the combustion temperature i n  the  chemical rockets. 

I n  summary, with nuclear energy the elements are t h e  same as those nor- 
mally considered f o r  nuclear reactors,  the heavy elements, uranium or plu- 
tonium f o r  f i s s i o n  reactors,  and i f  t he  problems of controlled fusion a re  
solved, t he  l i g h t  elements, hydrogen and possibly l i thium, f o r  the fusion 
reactor .  It is noted t h a t  t he  number of elements considered as energy 
sources, e i the r  chemical o r  nuclear, i s  r e l a t i v e l y  s m a l l .  

E l e c t r i c a l  Energy Conversion 

The chemical o r  nuclear rockets,discussed so far  can be termed thermal 
rockets,  since energy i n  the  form ofi heat i s  used t o  accelerate  the propel- 
l a n t .  Because temperature i s  the  major f a c t o r  i n  determining heat ,  and be- 
cause there  is  a l i m i t  t o  t he  temperature t h a t  can be withstood by the  ma- 
terials of which the  rocket is made, it would be well  t o  use a propellant 
acceleration process t h a t  does not use heat.  The thermal rocket accelerates  
t h e  propellant by f i r s t  increasing the random veloci ty  (hea t )  of t h e  mole- 
cules and then by expansion through a nozzle, converting ppsrt of t h i s  random 
veloci ty  t o  a directed veloci ty  of t he  propellant as a whole. I f  t h e  atoms, 
molecules, o r  even la rger  p a r t i c l e s  of propellant a re  charged e l e c t r i c a l l y  
and placed within an e l e c t r o s t a t i c  or electromagnetic f i e l d ,  t h e  f i e l d  vol- 
tage w i l l  impose a force on the charged p a r t i c l e s  and accezerate the  pro- 
pe l l an t .  
t i c l e s  becomes the acceleration of t he  propellant as a>whole. The equa- 
t i o n s  involved are similar t o  equation (12)  f o r  t he  thermal process: 

I 

I n  t h i s  case, t h e  average acceleration of t he  individual par- 

1 2  - mVm EQ 2 

Vm 

Vm average molecular velocity 

E e l e c t r i c a l  charge imposed on the molecule 
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m molecular (par t ic le)  weight 

Q voltage imposed on the  charged par t ic les  

The charge E is i n  general that provided by the  removal of one elec- 
t ron  from the pa r t i c l e .  There is  a l imitat ion tid the  voltage that can be 
used, but it i s  suf f ic ien t ly  high t h a t  it need not be considered here. 
Therefore, since the  value EQ i n  equation (14) is not l imited as i s  Tc 
i n  equation (12), low molecular weight propellants are  not required i n  the  
i n t e r e s t s  of high propellant veloci t ies ,  t h a t  is, spec i f ic  impulse. Since 
t h e  temperature l imi ta t ion  has been removed or  a t  least grea t ly  lessened 
much higher spec i f ic  impulses currently appear possible than i n  the  case 
w i t h  thermal rockets. 

An addi t ional  point m u s t  be considered, t h a t  is, the  energy required 
t o  remove the  electrons from the propellant pa r t i c l e s  and thus give the  
p a r t i c l e s  the necessary e l e c t r i c  charge. This energy i s  l o s t  t o  t h e  system, 
t h a t  is, it does no useful work i n  accelerating the propellant.  The energy 
required t o  remove one electron ( the  ionization energy) from each of the  
elements i s  shown i n  f igure 21. The periodic var ia t ion  i n  the curve is  
noted. It is also noted t h a t  the energy per  pound required t o  ionize hydro- 
gen i s  over 100 times the energy y ie ld  ( f i g .  15) from burning hydrogen w i t h  
oxygen. Whereas, because of temperature l imitat ion,  l i g h t  elements are de- 
s i r ab le  as prapellants i n  thermal rockets, i n  e l e c t r i c  rockets, heavier 
elements are desirable  because of lower ionizat ion energy requirements. The 
element cesium is an in te res t ing  poss ib i l i ty  because the ionization energy 
i s  low and cesium i s  a l iqu id  a t  ordinary temperatures. 

I n  discussing the e l e c t r i c  rockets w e  w i l l  look a l i t t l e  fu r the r  in to  
the  matter of removing the  electron ( ionizat ion) .  
atom on the  l e f t .  It i s  noted that  the  number of electrons (8) equals the  
number of protons. Since each electron contains one negative charge and each 
proton contains one posi t ive charge, the atom i s  e l e c t r i c a l l y  neutral .  To 
the  r igh t  i s  shown an oxygen ion. This i s  an atom t h a t  has an electron re- 
moved, indicated t o  the extreme r ight .  Since the  atom, which is now termed 
an ion, has one mre proton than electron, it has a posi t ive charge. The 
removed electron is, of course, negatively charged. Under normal conditions 
the  electrons m u s t  be physically removed from the  presence of the  ions o r  
they w i l l  recombine. 
present t h a t  w i l l  absorb the electrons and carry them from the  ions. 
separated electrons and ions, each can be accelerated and discharged from 
the spacecraft  by means of an e l ec t ros t a t i c  f i e l d .  Again, the  th rus t  pro- 
duced i s  given by equation (1) i n  which + i s  now the  sum of the  m a s s  of 
ions plus electrons.  Actually, the m a s s  of electrons discharged i s  so s m a l l  
compared with t h a t  of the ions t h a t  t h e i r  e f f ec t  can be neglected. This 
type of e l e c t r i c a l  system i s  often termed an - ion j e t  o r  rocket. 

Figure 22 shows an oxygen 

The separation can be accomplished by having material 
Having 

If  appropriate conditions of pressure and temperature ex i s t ,  electrons 
and protons can remain kogether without recombining. I n  t h i s  case, an elec- 
tromagnetic f i e l d  is  required t o  accelerate the propellant (mixture of ions 
and electrons) .  
rocket and the  mixture of ions and electrons is termed a plasma. 

This type of e l e c t r i c  system i s  termed a plasma J e t  o r  
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It must be brought out t h a t  8,s t he  p r o p e l l a t  velocity,  t h a t  is ,  spe- 
c i f i c  impulse, i s  increased, t he  r a t e  of energy expenditure, t h a t  i s ,  power 
i n  the  propellant j e t  , i s  increased which i t s e l f  presents l imi t a t ions .  This 
w i l l  be discussed furthei- i n  a later sect ion.  

The phrase "of any elemem" i n  regard t o  plasmas indicates  a lack  of 
knowledge rather  than B i ~ i ~ a d  clrigice. The designation of "photons'' under 
accelerat ion by rad ia t ion  a l s o  kidicates a need of research i n  order t o  

~ 

I specify more c l e a r i y  pro; i table  paths t o  follow. 

For t he  ion and plasma j e t s ,  nuclear energy w i l l  be used t o  produce 
t h e  e l e c t r i c  energy required for the ionization process and to produce t h e  
e l e c t r o s t a t i c  or electromagnetic f i e l d s .  Propellant v e l o c i t i e s  of several  
hundred thousand miles per hour ( spec i f i c  impulses of 10,000 o r  higher 
pounds th rus t  per  pound of p rope l lmt  discharged per second) can be produced 
with ion or p lasma  j e t s  as conpared with values of 6000 t o  25,000 miles per  
hour with the thermal rockets. 

MATERIALS 

We w i l l  t u r n  now t o  the materials of which t h e  powerplant i s  composed. 
Our treatmeni of them will b e  raL:ier b r i e f .  O f  t he  items l i s t e d  i n  f i g -  
ure 5 we w i l l  consider oiily t'ne metals a d  the ceramics. The material  prop- 
e r t y  most d i f f i c u l t  t o  obtain i n  thermal powerplants i s  the a b i l i t y  t o  with- 
s t a n d  the  high operating temperatures desired.  P r a c t i c a l  turbine engines 
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The propellants are sunmarized I n  f i g x e  23. I f  t he  propellant i s  
accelerated by means of the heat produced chemically, t he  propel lant  is  t h e  
gas resul t ing from +,he combustion of f u e l  and oxidant. 
t h e  s ignif icant  factor i3 detciminlng propellant veloci ty  i s  t h e  ratdo of 
propel lant  (combustion) temperature t o  propel lant  (combustion products) 
molecular weight, there  i s  a l i m i t  t o  t h i s  r a t i o  imposed by the temperature 
of combustion and t he  molecula? weight of combustion products. 
imposed on molecular weight cax be p a r t i a l l y  removed by using nuclear energy 
as the  source of hea t .  In t h i s  case t h e  l i g h t e s t  molecular weight gas ex- 
i s t i n g  i n  nature, hydrogen, can he used as the  propellant.  

Remembering t h a t  

The l i m i t  

By using an e l e c t r o s t a t i c  o r  electromagnetic f i e l d  as the means of pro- 
p e l l a n t  acceleration , both temperature and molecular weight l imi ta t ions  are 
removed and propellant veloci t ies  of several  hundred thousand m i l e s  per  
hour are possible. 
s t i l l  higher spec i f i c  impulses can be obtained, but the s i t u a t i o n  here is  
far from c lea r  at the pyesent t i m e .  Much research i s  needed. 

By going t o  energy discharge (photons) ra ther  than mass, 



f o r  a i r c r a f t  were not achieve& mtil niaterials were developed t h a t  could 
withstand s t resses  of the order of 25,000 pounds per square inch i n  the 
presence of hot oxidizizlg atnosph-eres. Wen alloys were developed t h a t  
could operate under these conditions at  temperatmes of 1200° F, tu rboje t  
engines came in to  use. The progress m a d e  o-Yrer a twelve-year period i n  
t h i s  f i e l d  i s  shown i n  f igure 25. We see t h a t  during t h i s  period the 
operating temperature w a s  increased f r o m  a?mut 1350' t o  1650' F - an in- 
crease of 300' F. 
f o r  e i t h e r  chemical o r  nucleaz rocket engiaes. Since the  s t resses  and 
t i m e s  of operation i n  spacecraft  engines m a y  be l e s s  than the  case with 
the  turbine a i r c r a f t  engines, higher temperatures are feasible;  but i n  
any case the  goal desired is some 6istance from rea l iza t ion .  There are  
many highly competent people working i n  the  f i e l d  of high temperature ma- 
terials. Progress i n  the f i e l d  i s  MfficxAt. Because of the  inherent 
d i f f i c u l t i e s  encountered, we cannot co-mt on rapid advances. Research 
leading t o  a b e t t e r  understanding o f  the physics of so l ids  may give us 
t he  improvements w e  w a n t .  To ass i s5  i n  understariding the problem, f igure 
26 i s  presented showing the  var ia t ion in  melting temperature of t he  ele-  
ments as a function cf atomic number. The meltLng temperature i s  the 
f i r s t  c r i t e r i o n  i n  determining the s u i t a b l l i t y  of a material  f o r  high 
temperature operation. I n  general, the  h?gh s t r e s s  operating temperature 
of an a l loy  is about two-thirds the melting temperature of the  major in- 
gredient.  
the  electrons,  a periodic var ia t ion is oYta%.ed v5tk (other  than the f i rs t  
maximum a t  carbon ( C ) )  successively increaslng m a x i m a  a t  s i l i c o n  [ S i ) ,  
chromium ( C r ) ,  molybdenum (Mo), and tungsten ( W ) .  For the  high temper- 
ature a l loys  we are  in te res ted  i n  the metals occurring near these maxima.. 
Speci f ica l ly ,  grouped i n  the  order of increasing des l rabf l i ty :  
dium (V) ,  chromium (Cr), l ron  (Fe),  colmlt (Co), and nickel  ( N i ) ;  ( 2 )  
columbium (Nb) ,  molybdenum (Mo), te&??t lum (Tc) ;  and (3) tmtalum (Ta) ,  
tungsten ( W ) ,  and Rhenium ( R e ) .  
e a r t h ' s  c rus t ,  which may or may r o t  be objectioaable, and i s  increasingly 
subject t o  corrosion i n  the  presence of hot gases, which is  objectionable. 
Each successive group i s  more d i f f i c d t  50 fabricate .  
being conducted on alloys of these materials t o  sclve these problems. The 
ceramics, including the  oxides of the  l i g h t  metals previously re fer red  t o  
a re  a l so  the  subject of much research. 
shock i s  one of the d i f f i c u l t  problems tc. overcome. 

These temperatares are appreciably below tbose desired 

Since melting temperature i s  dependent on the  arrangement of 

(1) vana- 

Each grcup i s  successively r e r  i n  the 

Much research i s  

Their l o w  res is tance t o  thermal 

Figure 27 shows the material temperatures t h a t  w i l l  be achieved if 
temperatures of about 80 percent o f  the melting or sublimation temperature 
of the  major consti tuent can be obtained. This f igure  may be considered 
t o  represent research goals. 

REAT-TRANSFER FLUIDS 

Heat-transfer f l u ids  are used i n  cer ta in  systems t h a t  require heat t o  
be t ransfer red  from one p a r t  of the powerplant t o  another or t h a t  require 
cooling by other than direct, radiat ion o r  conduction from the powerplant. 
Along with heat- t ransfer  f lu ids ,  working f lu ids  f o r  closed turbine-drive 
systems can be considered. Properties desired are:  high spec i f ic  heat . . 

(i. e . ,  low molecular weight), high density, low corrosivi ty ,  low response 
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t o  radioact ivi ty ,  an acceptable melting temperature. These propert ies  a re  
not  mutually compatible. Figure 28 l i s t s  materials of p a r t i c u l a r  i n t e r e s t .  

I n  spec i f ic  instances,  such as using a l i q u i d  chemical rocket f u e l  o r  
oxidant t o  cool t he  combustion chamber and the  nozzle, t h e  l i q u i d  avai lable  
i s  determined primarily by i t s  use as a fue l  
values are shown i n  f igure  29. I n  t h e  figure the ordinate  i s  Btu per  sec- 
ond cooling capacity per  pound of t h rus t  produced. 
factory use o f  t he  f u e l  as a coolant i s  reasonably assured, although chem- 
i c a l  s t a b i l i t y  poses some problems. 
as coolants is a l s o  given consideration. A s  with hydrogen, t he  l iqukf ied  
gases are being considered. Since t h e  c r i t i c a l  temperatures of oxygen and 
f luor ine  a re  somewhat high, a choice must be made as t o  whether o r  not t h e  
coolant i s  t o  be used above or below c r i t i c a l  pressure. If  t h e  coolant i s  
used below the c r i t i c a l  pressure,  it i s  l imi ted  by the  boi l ing  point .  The 
s o l i d  portions of the oxidant bars ( f i g .  29) represent t he  heat  capac i t ies  
avai lable  within t h e  l imi ta t ions  of t he  boi l ing  points  of t h e  f l u i d  at 
pressures normal f o r  cooling. However, i f  higher pressures a re  used, f o r  
example 800 pounds per  square inch, then t h e  c r i t i c a l  pressure i s  exceeded 
and there  i s  no boi l ing point problem. Again, the engine w a l l  provides 
t h e  l i m i t .  
of t he  bar f o r  each oxidant. 

or oxidant. Representative 

I n  each case, satis- 

The use of oxygen or f luor ine  oxidants 

The t o t a l  heat  capacity i s  represented by t h e  t o t a l  height 

THE POWERPLANT 

We are now ready t o  discuss the  powerplant as a u n i t .  We stated i n  the  
Introduction t h a t  the  powerplant performed th ree  functions.  
energy, chemical or nuclear, t o  heat  or e l e c t r i c i t y ,  t r ans fe r s  t he  energy 
t o  the  propellant,  and accelerates  t he  propel lant  ( f i g .  30) .  

It transforms 

The chemical energy ( f ig .  31) i s  transformed in to  heat  i n  a combustor 
and i n t o  e l e c t r i c i t y  i n  a chemical ba t te ry .  Nuclear energy i s  transformed 
in to  heat by means of a reactor ,  or a radioisotope source. If rad ian t  
energy from the sun is  being used, it can e i t h e r  be converted i n t o  heat  i n  
t h e  powerplant by means of a heat  sink, or i n t o  e l e c t r i c i t y  by m e a n s  of 
an ionic  process ( taking ce r t a in  l i b e r t i e s  with terminology) through thermo- 
p i l e s  or thermionic emitters,  or through a photoelectr ic  c e l l .  

I n  t h e  chemical thermal rocket t he  transfer of energy t o  the  propel lant  
takes  place simultaneously with the  energy transformation in to  heat ,  t h a t  
is ,  i n  t h e  combustion process ( f i g .  3 2 ) .  I n  t h e  nuclear thermal rocket a 
hea t  exchanger, t h a t  i s ,  t he  reactor ,  is involved. Or t o  introduce a t h i r d  
method, an e l e c t r i c  discharge within t h e  propel lant  could be used t o  heat  
t h e  propellant.  Such a device is  considered, but  current ly ,  t he  s i t u a t i o n  
i n  regard t o  it is  not c lear .  For the  e l e c t r i c  energy, t he  transfer takes  
place by means of an e l e c t r i c  o r  magnetic f i e l d .  

Acceleration of t h e  propel lant  i n  a thermal rocket takes place through 
&p, exparsion zozzle ( f i g .  33) as discussed previously. The turboje t  and 
ramjet a re  not used i n  space propulsion, but  a r e  l i s ted  here as a matter of 
general  i n t e re s t .  I n  the  e l e c t r i c  rocket, the  t r a n s f e r  of energy and t h e  
acce lera t ion  of the  propellant take place simultaneously i n  the  subjection 
of t h e  ion  or plasma propel lant  t o  the  e l e c t r o s t a t i c  or electromagnetic f i e ld .  



Figures 30 t o  33 are summarized in f igure 34 t o  show t h a t  
p lan t  can be outlined i n  m ord-erly manner t o  bring out essent 
ences among the d i f fe ren t  types. 

the power- 
al d i f f e r -  

Thermal Rockets 

We w i l l  next examine the powerplant types i n  more de ta i l .  
shows diagrammatically a chemical rocket using fue l  and oxidant i n  so l id  
form, a chemical rocket using f u e l  and oxidant i n  l i qu id  form, and a nuclear 
rocket using propellant (hydrogen) i n  l iqu id  form. These rockets are  termed 
temperature l imited because i n  each case a temperature l imi ta t ion ,  mentioned 
previously, is  imposed. 

Figure 35 

I n  the  case of the so l id  chemical rocket, burning takes place from the  
hollow center of the s o l i d  charge tow&rd the w a l l s  of the propellant case. 
Consequently, the  case i s  not subjected t o  the hct  combustion gases u n t i l  
near the  end of t he  combustion period. The expansion nozzle on the  other 
hand i s  subject  t o  a t o t a l  temperature equivalent t o  the combustion temper- 
a ture  f o r  the  f u l l  burning period. FJrthermore, the nozzle i s  not cooled. 
With the  chemical l i qu id  rocket the f u e l  and oxidant are pumped from the 
f u e l  and oxidant tanks (not shown) by means of  the  turbopumps indicated o r  
by pressurizat ion t o  the  combustion chamber. Before entering the combus- 
t i o n  chamber (combustor) e i the r  f u e l  or  oxidant is passed over the  combustor 
and expansion nozzle w a l l s  and provides cooling. Both combustion chamber 
and expansion nozzle w a l l s  are subject t o  the  t o t a l  combustion chamber, but 
the  coolant maintains the w a l l s  a t  a much lower t e q e r a t u r e .  I n  each of 
these rockets the  heat flow is  from the burnSng gases t o  the solid w a l l s  
and i n  each case, the gas, therefore,  is at the higher temperature. 

With the.nuclear  thermal rocket employing a solid-core reactor  t o  
heat  the  propellant,  the  heat flow i s  from the s o l i d  f u e l  elements of t he  
reac tor  t o  the  gaseous propellant,  and the so l id  material  must, therefore,  
withstand a higher temperature than the propellar,t.  

The e s sen t i a l  da ta  t h a t  determine the  propellant veloci ty  f o r  these 
rockets a re  shown i n  t ab le  111, i n  which the propellant temperature, mole- 
c d a r  weight and velocity ( l i s t e d  as J e t  velocity) as well  BS material 
temperatures are summarized. The f i r s t  c o l m i  l i s ts  the  f'uels and oxi- 
dants. The symbol RP-1 i s  f o r  a hydrocarbon f u e l  t h a t  i s  e s sen t i a l ly  
kerosene. 
and reasonable changes i n  them w i l l  not change the  p ic ture  presented. 
t he  s o l i d  chemical rocket two material  temperatures are  s2ecified.  Since 
the  nozzle temperature (3200' F) i s  extremely severe, the duration of oper- 
a t ion  of so l id  chemical rockets i s  l imited.  Because the l i qu id  chemical 
rocket combustion chamber and expansion nozzle are  cooled by e i t h e r  f u e l  
o r  oxidant, t he  duration of operation is not l imited by the materials and 
i s  adjusted t o  t h a t  su i tab le  f o r  t h e  misslon. Operation times for l i qu id  
rockets a re  as much a s  several  minutes. An addi t ional  advantage of l i qu id  
rockets i s  that they can be stopped and res ta r ted .  

The propellant (combustion) temperatures l i s t e d  are approximate 
For 
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With the nuclear rocket, since heat flow i s  from t h e  reactor  t o  the 
propel lant ,  the propellant temperature i s  l imited t o  a value l e s s  than 
t h a t  f o r  the reactor  material .  A difference of 250° F i s  shown. Two tem- 
peratures  are l i s t e d  without regard t o  the methods or p o s s i b i l i t i e s  of ob- 
ta in ing  these temperatures. 

Representative propellant molecular weights are shown i n  the fourth 
column. Remembering t h a t  the propellant velocity var ies  as t h e  square root  
of t h e  r a t i o  of propellant temperature t o  propellant molecular weight (eq. 
(12)), it is seen t h a t  the- icajor cause of var ia t ion  i n  propella& veloci ty  
(column 5) r e su l t s  from the var ia t ion  i n  molecular weight. The improvement 
i n  spec i f i c  impulse, as represented by propellant veloci ty ,  i s  c l e a r l y  evi- 
dent as one reads down the figure.  

A serious problem with the nuclear thermal rocket i s  presented by the  
weight of shielding required t o  protect  t he  payload against nuclear radia- 
t ion .  I n  f igure 35 a l i g h t  sh ie ld  i s  indicated between the reac tor  chamber 
and the propellant pump. 
reactor  could be much less i f  t he  nuclear react ion could take place d i r e c t l y  
within t h e  propellant gas ( f i g .  36). The materials temperature l i m i t  of 
7000’ F is  about t h e  highest t h a t  can current ly  be visualized ( f i g .  27), 
although not currently obtainable by any known means, f o r  t he  s o l i d  reactor .  
The spec i f i c  impulse f o r  the gaseous reactor  i s  shown t o  values of 8000 
pounds of t h rus t  per pound of propellant per  second. Much research w i l l  be 
required before the gaseous reactor can be evaluated i n  regard t o  
p r  ac t i c ab il i t y  . 

The temperature l imi ta t ion  imposed by the s o l i d  nuclear 

Earl ier  mention w a s  made i n  the  discussion of t he  e f f e c t  of r a t i o  of 
gas pressure i n  the  combustion or heating chamber t o  the  pressure (ambient) 
i n t o  which the propellant discharge take place. 
surface) t he  discharge pressure i s  t h a t  of the atmosphere, 14.7 pounds per  
square inch. The chamber pressure i s  generally l imited t o  values of 500 
t o  1000 pounds per square inch so  t h a t  excessive w a l l  thickness w i l l  not be 
required. I n  t h i s  case the pressure r a t i o  i s  between 34 and 68. A s  t he  
a l t i t u d e  decreases t h e  ambient pressure decreases becoming e s s e n t i a l l y  zero 
outside t h e  ea r th ’ s  atmosphere. Under t h i s  condition the  pressure r a t i o  
would be in f in i t e .  There i s  a p r a c t i c a l  l i m i t  t o  t he  r a t i o  of t h e  discharge 
nozzle ex i t  area t o  t h a t  of t he  th roa t  (A,/&), the narrowest sec t ion  of t he  
nozzle ( f i g .  35) t h a t  prevents rea l iza t ion  of t he  f u l l  gain of high pressure 
r a t i o s .  I n  practine,  &his r a t i o  i s  1imited. to  say, 50, which 2s the correct  
value f o r  a p-r’e’s’sure ra tdo‘of  aho~’c 500. Furbhefiore, nozzles operating at 
pressure r a t i o s  less than t h a t  appropriate f o r  the nozzle area r a t i o ,  s u f f e r  
a l o s s  i n  efficiency. For t h i s  reason, t he  a rea  r a t i o  up t o  50 i s  chosen 
depending on t h e  a l t i t u d e  range over which the  rocket i s  t o  operate.  The 
e f f e c t s  of a l t i t u d e  (pressure r a t i o )  on the  spec i f i c  impulse f o r  two area  
r a t i o s  i s  shown i n  figure 37. The lower r a t i o  i s  designed f o r  a rocket 
t h a t  i s  t o  operate i n  the lower atmosphere. It reaches i t s  maximum e f f i -  
ciency at  a pressure r a t i o  of about 100. With a chamber pressure of 500 
pounds per  square inch, t h i s  would be at  an a l t i t u d e  of 100,000 f e e t .  The 
higher a rea  r a t i o  corresponds t o  use i n  space and i s  l e s s  e f f i c i e n t  at the  
low a l t i t udes .  

A t  sea  l e v e l  (on the  e a r t h ’ s  
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Rocket S t a g i n g  

We have now discussed the  e f f ec t  of chemical propellant choice on me- 
c i f i c  impulse. I n  those cases f o r  which obtainable spec i f ic  impulses are 
too l o w  f o r  missipn accomplishment, rocket staging is  used. 
equation ( 7 )  i s  repeated and cer ta in  resu l t s  are shown for the e f f ec t  o f  
t h e  r a t i o  of pro’lqallan;t mass (+) t o  gross vehicle mass (%) on the  attab& 
increase in vehicle velocity. It is assumed t h a t  launching is from t h e  
ear th’s  surface and t h a t  t he  propellant veloci ty  is 6000 m i l e s  per hour 
( spec i f ic  impulse, 273 lb/(lb propeUent)(sec)).  Wted on the curve are 
t h e  ve loc i ty  increases required f o r  cer ta in  missions. The maximum veloci ty  

I n  figure 38, 

- 

f o r  a given rocket w3.U be attained with no payload, 

Ass- t h a t  t he  &Tiimam value f o r  %t/Eac w i t h  no payload i s  0.125-to 
- 

= 0.875 t o  , the  maximum attainable vehicle 
% 

FZ-5 
veloci ty  is fmm l0,OOO t o  14,000 miles per  hour, su f f i c i en t  f o r  an IREM 
mission but insuff ic ient  fo r  space missions. As j u s t  stated, t h i s  defi-  
ciency is overcome by staging, t ha t  is, by mounting successively smaller 
rockets on the first rocket (f irst  stage), with the desired paylosd mounted 
on the l a s t  stage, that is, the smallest rocket. As each stage completes 
i t s  operation, t he  powerplant and other s t ruc ture  f o r  this stage are dropped 
of f .  As a result, the xnass t o  be accelerated is con t inud ly  decreased with 
a consequent decrease fn thrust asd r a t e  of propellant discharge required. 
I n  a multistage rocket, t h e  payload of each stage is considered t o  be the sgm 
of the  masses of a l l  the  subsequent stages plus the  f i n d  payload t h a t  i s  t o  
perform the desired mission- In t h i s  c a s e  the  veloci ty  of t he  f i n a l  payload 
is the  sum of t h e  veloci ty  increases of t h e  individual stages computed 
according t o  equations (6 )  o r  (7) 

i n  which 

t o t &  velocity increase 

increase during first s tage operation 

vVt 

vv, 
y2 

V increase during second stage operation, and so for th  

A n  example of staged rockets is shown i n  figure 39 f o r  t he  left-hand 
rocket. It is assumed t h a t  a 100-pound payload i s  t o  be used as a moon 
probe. It is further assumed t h a t  t h e  required veloci ty  increase i s  t o  be 
achieved in three  stages of 8000 miles per hour each, fur ther ,  f o r  each 

is  0.09, Mst 
% + ? e + %  

stage i h e  r a t i o  

lea- a r a t i o  of Ehm/Mc of 0.09. These ra t io s  a re  held constant through- 

is  0.82 and the r a t i o  of 

out  the  calculat ions f o r  t he  oxygen - C&s rocket. 
equivetlent t o  C g i 8 ) .  

(RP-1 is considered 
Certain assumptions are made i n  regard t o  gravi ty  
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l o s ses  (ge t ) .  
be as shown. 
becomes t h e  payload of the  second stage. 
weight are, i n  general, appreciably higher than the  value used here; but  
t h i s  does not change t h e  general  conclusions as presented.) 
these calculations,  the  gross weight of the  vehicle  at takeoff i s  135,500 
pounds. 
achieved, although t h e  r a t i o  of (Mst3 -k Mfi3)/Q1 is  (100 + 10Q,~/135,500 

or 0.0015, i n s t e a d  of about 0.02 requlred ( f i g .  38) i f  a s ing le  s tage rocket 
could have been b u i l t  t o  dc the  job. 

The t h i r d  s tage of t he  oxygen - c8E18 rocket i s  comppted t o  
The t o t a l  t h i r d  s tage weight, including payload of 1100 pounds, 

(Ratios of payload t o  gross s tage 

Following through 

The desired ve loc i ty  increase of 24,000 m i l e s  per  hour has been 

A higher spec i f i c  impulse propellant can be used t o  decrease t h e  number 
of stages and the  gross weight at launlch t o  place t h e  100-pound payload i n  
the  proximity of t h e  moon, or -Lo permit a grea te r  f i n a l  payload f o r  t h e  same 
gross weight at launch. The e s t k a t e a  results for t h e  grea te r  f i n a l  payload 
are shown with the  middle vehicle i n  f igure  29 for a three-stage rocket sys- 
t e m  employing fluorine-hydrogen as the  p r o p e l i m t  . I n  the  computations, be- 
cause of lower propellant density, the  r a t i o  of  
0.12. 
load of t he  f i r s t  s tage is  30,200 pounds, a two t o  threefold increasi. over 
t h a t  with the oxygen - C8H18 system. 
other  two stages s o  t h a t  t h e  f i n a l  payload i s  1500 pounds. 
as an oxidant presents many problems. For instance,  it is very corrosive.  
For t h i s  reason, a t h i r d  rocket system i s  presented t o  show t h e  kind of improve- 
ment t h a t  might be rea l ized  by using t h e  upper two s tages  with hydrogen- 
oxygen as a chemical high-energy propellant.  
MSt/% 

Mst/% is  assumed t o  be 
Because of the  higher propellarLt ve loc l ty  ( spec i f ic  impulse), t h e  pay- 

The i m r e a s e  is  continued through the  
The use of f luor ine  

For these two upper stages,  
is  again assumed t o  be 0.12. I n  t h i s  case the  f i r d  payload i s  400 

pounds. 

The nuclear thermal rocket permits s t i l l  higher spec i f ic  impulses. The 
analysis  of the  gains t o  be rea l ized  through i t s  use a re  dependent on t h e  
amount of shielding required and on the  temperature which the  reac tor  can 
withstand. 
later.  

Certain gains t h a t  may be obtained w i l l  be b r i e f l y  discussed 

Means of Increasing Temperature L i m i t s  

The thermal 1imitat:ions imposed by t k e  rockets shcwc i n  f igu re  35 can 
be g rea t ly  lessened i f  rockets of t he  types shown i n  f igu re  40 can be deve- 
loped. I n  t h e  f i rs t  two examples t h e  gas i s  heated by nuclear f i s s i o n  or . 

fusion, heating taking place d i r e c t l y  within the  gas under such temperature 
conditions t h a t  a plasma ex i s t s ,  and t h e  hot  plasma is  prevented from con- 
t ac t ing  the  heating chamber w a l l s  by m e a n s  of an electromagnetic f i e l d .  The 
second example represents a var iant  of t h e  example shown i n  figure 36. I n  
the  t h i r d  example e l e c t r i c  discharge heating i s  used i n  which the  hot ion- 
ized pa r t i c l e s  do not impinge OL the  chamber w a l l .  
are simply meant t o  represent kinds Gf devices under consideration without 
regard t o  t h e i r  present appl icabi l i ty .  
sidered, which are very much i n  t h e  research stage.  Considerable research 
i s  needed t o  narrow the  f i e l d  dowa t o  those pro jec ts  t h a t  warrant an inten- 
s i v e  development e f fo r t .  

The devices i l l u s t r a t e d  

Other devices are a l so  being con- 



Elec t r ic  Propulsion Systems 

The propulsion system i n  which the propellant i s  accelerated by means 
of an e l e c t r i c  o r  electromagnetic f i e l d  i s  shown diagrammatically i n  f ig -  
ure 41 ( see  also f i g .  7 ) .  I n  t h i s  case, the propellant i s  fed i n t o  a 
mechanism ( labe l led  ionization device) and charged e l ec t r i ca l ly .  Assuming 
t h e  charge is  acquired by the removal of one or  more electrons per pa r t i c l e ,  
t he  propel lant  becomes e i the r  an ionized gas i n  which case the  electrons a re  
physically separated from the ions; o r  it becomes a plasma i n  which case the  
conditions are  such t h a t  the ions and electrons can remain together without 
recombination. For the ionized gas, an e l ec t ros t a t i c  f i e l d  is  the  acceler- 
a tor ;  f o r  a plasma, an electromagnetic f i e l d  i s  the accelerator.  I n  e i t h e r  
case, propellant ve loc i t ies  of several  himCZed thousand miles an hour (spe- 
c i f i c  impulses of 10,OOO lbklb propellant discharged per see o r  more) can 
be at ta ined.  

Another fac tor  which m u s t  now be considered is  the power i n  the  pro- 
pe l l an t  j e t .  

i n  which Pp i s  power i n  j e t .  The force, o r  th rus t ,  produced by the  je t  i s  

F = - V p  MP 
t 

ir, which F i s  th rus t  produced. Obviously, t h i s  force can be kept constant 
by decreasing the m a s s  r a t e  of propellant discharge %/t and increasing Vp 
proportionately.  However, i n  t h i s  case, the j e t  power i s  increased t o  the  
same degree the velocity i s  increased. 

With the chemical rockets, the powerplant mass, t h a t  i s ,  the mass of 
propel lant  pumping system plus the  combustion chamber plus the expansion 
nozzle i s  qui te  low. With the nuclear thermal rocket t h e  weight w i l l  be 
reasonably low, providing shielding weights are kept down. 
t r i c  rocket systems, ion o r  plasma j e t s ,  t h i s  is  not the  case. Represen- 
t a t i v e  values are shown i n  t ab le  IV. The second column l i s t s  the  horse- 
power per  pound of th rus t .  This value, as pointed out previously, var ies  
d i r e c t l y  with specif ic  inrpulse (propellant veloci ty)  , l i s t e d  i n  the  f i r s t  
column. The pounds of powerplant per  pound of t h rus t  shown f o r  the  nuclear 
e l e c t r i c  rocket i n  the last column indicate a major problem to be overcome 
o r  compensated for .  
rocket ( ion  j e t  or  plasma j e t ) ,  the  acceleration r e s u l t s  from the  act ion 
09 an e l e c t r i c  o r  electromagnetic f i e ld .  The power i n  the propellant j e t  
must be supplied from t h i s  f i e l d  and must be generated by some form of 
e l e c t r i c  generating system. Also, as mentioned previously, the energy 
source f o r  generating t h i s  power w i l l  almost cer ta in ly  be nuclear. 
ren t ly ,  t h i s  means a thermal turboelectr ic  generator with the working 
f l u i d  heated i n  the reactor  ( f i g .  42) .  Since the system is acting i n  
space with no external  cooling medium available,  the rad ia tor  must l o s e .  
heat  through radiat ion.  This w i l l  mean a r e l a t ive ly  large radiator .  I n  

With the  elec- 

As mentioned previously, with the  e l e c t r i c  nuclear 

Cur- 
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computing the mass per  pound of t h r u s t  f o r  t h e  e l e c t r i c  rocket, a minimum 
weight of t e n  pounds per horsepower has been assumed f o r  t he  e l e c t r i c  
power system shown i n  f igure 41. Using t h i s  f igure  and assuming a power- 
plant  weight of 40 percent of t he  gross vehicle mass, t he  r a t i o  of t h r u s t  
t o  gross mass i s  10-4. 
can be considered only f o r  those f l i g h t  conditions i n  which t h e  resu l tan t  
of a l l  gravi ta t ional  forces act ing on the  vehicle counter t o  the  desired 
d i rec t ion  of motion is  l e s s  than of t h e  vehicle mass, o r  t h a t  a 
veloci ty  has already been given t o  t h e  vehicle t o  counterbalance the  ef-  
f e c t  of these gravi ta t ional  forces.  
w i l l  be extremely low, of t he  order of times t h a t  due t o  gravi ty  a t  
t he  e a r t h ' s  surface. 

For t h i s  reason, t h e  e l e c t r i c  propulsion system 

In  any case, t h e  vehicle  accelerat ion 

With t h e  e l e c t r i c  propulsion system, it must be remembered t h a t  t h e  
e l e c t r i c  power must accomplish the ionization of the propellant as w e l l  
as the acceleration. Referring again t o  f igure 2 1 ,  going through the  
necessary calculations w i l l  show t h a t  a t  t h e  spec i f i c  impulse given in  
tablle IV w i t h  cesium as t h e  propellant i n  t h e  e l e c t r i c  rocket the ioniza- 
t i o n  energy ( o r  power) i s  about 0.02 percent of t he  propellant j e t  energy 
(or power). 
l o s s .  

With hydrogen, t h e  f igu re  i s  15 t o  20 percent, an appreciable 

A p a r t i a l  comparison of thermal and e l e c t r i c  propulsion systems i s  
shown i n  t ab le  I i n  which a t r i p  from ear th  o r b i t  t o  a moon landing and 
re turn  t o  ear th  o rb i t  i s  considered. The influence of propellant veloci ty  
on propellant m a s s  r a t i o  (Mp/w) and on t h e  r a t i o  of propellant j e t  power 
t o  t h r u s t  produced (P/F) is  shown. As  discussed previously, chemical 
rockets f o r  t h i s  mission would have t o  be staged, since a maximum r a t i o  
of M p / k  of 0.85 t o  0.90 i s  about as high as i s  p r a c t i c a l  i n  a s ingle  

Elec t r ic  Power Generation 

Since e l e c t r i c  power w i l l ,  i n  general, be required aboard spacecraft  
as ide f o r  uses other than propulsion addi t ional  means of generating 
e l e c t r i c  power f o r  spacecraft a r e  under consideration. Figure 43 i s  pre- 
sented t o  show a choice of power generation system based on required power 
output and required use time. The hydrogen-oxygen f u e l  c e l l  is a form of 
chemical ba t t e ry .  Two addit-ional types of systems are a l so  being con- 
sidered - thermionic emitters and thermopiles ( f i g .  44 ) .  
r e s u l t s ,  t h e i r  use w i l l  be appropriate f o r  the longer operating times, 
say, of 10 days or  more and power outputs up t o  the  low kilowatt  range. 
Much research i s  being conducted on these systems t o  improve t h e i r  e f f i -  
ciencies which a re  currently of the order of 5 t o  8 percent.  Ei ther  a 
nuclear reactor,  a radioiSotope decay source, o r  t h e  sun can be used f o r  
t he  energy supply. 

Based on current 

Current Status of Propulsion Systems 

The general development s t a t u s  of the various space propulsion systems 
I 
l i s  summarized i n  f igu re  45, which i s  from D r .  Su t ton ' s  1959 Minta Martin 

I 
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l ec tu re  ( l i s t e d  i n  the bibliography).  
summarized i n  f igure  36, a l s o  from Dr. Sut ton ' s  paper. 

The uses of cer ta in  of t he  systems are 

Other Types of Propulsion Systems 

Propulsion systems other than those already discussed are under consider- 
The s o l a r  sa i l  using the  force of t h e  sm.s radiant  energy has been a t ion .  

mentioned.(fig.  47 ) .  
tance f r o m t h e  sun. 
pe r  spuare foot .  
square feet of s a i l  i s  required f o r  each pound of vehicle mass. 

The force var ies  inversely as the square of t h e  dis-  
A t  t he  distance t o  t he  ear th ,  t h e  force  i s  2KLO-7 pound 

This means f o r  a thrust-mass r a t i o  of 10-4, t h a t  i s ,  500 

Another method t h a t  has been discussed i s  t o  use a series of nuclear 
explosions ( f i g .  48), t he  explosive force of which would acce lera te  the  
vehicle .  There i s  the  matter of using nuclear f i s s ion  products d i r e c t l y  
as the  propel lant  ( f i g .  49 ) .  
impiikses) e jec ted  from a high temperature surface ( f i g .  5 0 ) ,  i n  which t h e  
necessary heat  is supplied by a nuclear reac tor .  
being s tudied t o  determine the  in te res t  t h a t  should be placed i n  them and- 
t o  determine t h e  research necessary f o r  p rac t i ca l  developments. 

Again, we might consider photons (energy 

Systems such as these are 

APPLICATIONS 

In  general ,  as t h e  required velocity change is  increased or as t h e  
mass of t h e  payload is increased, t he  higher spec i f ic  impulse nuclear 
powered propulsion systems become more advantageous. 
i s ,  of course, t h e  higher spec i f ic  impulse, gives a higher vehicle ve loc i ty  
change f o r  a given r a t i o  of propellant mass (Mp) t o  vehicle gross mass (%). 
I n  addi t ion,  with nuclear energy, greater payloadti mean t h a t  t he  nuclear 
reac tor  and shielding masses become a smaller port ion o f  t h e  t o t a l  mass, 
since t h e  spec i f i c  mass of the  reactor  plus shield,  t h a t  is ,  pounds per  
horsepower output, decreases as t h e  power increases.  

The reason f o r  t h i s  

In  the  case of t h e  e l e c t r i c a l  systems, t he  m a s s  of t he  powerplant i s  
s t i l l  so  great, t h a t  t h e  system can only be used at  extremely low r a t i o s  
of t h r u s t  t o  vehicle pass. 

In figures 51 and 52 respective estimates are presented of t h e  gross 
mass required i n  an ea r th  o rb i t  t o  permit a manned mission t o  land on t h e  
moon o r  Mars and ret= t o  ea r th  orb i t .  

All weights shown i n  the  bar  graphs are the  i n i t i a l  weights t h a t  must 
be launched in to  an o rb i t  a t  a 400 mile a l t i t u d e  t o  get the  mission under- 
way. For these manned missions, an auxi l iary chemical rocket vehicle  i s  
car r ied  along t o  land p a r t  of t he  crew, with exploration equipment, on 
t h e  surface of t h e  moon o r  Mars and t o  take them back t o  t h e  mother ship, 
which remains in an o r b i t  having an a l t i t u d e  of about 100 m i l e s  above t h e  
moon o r  200 miles above Mars. 
i t s  f u e l  and t h e  crew's exploration equipment, i s  labeled "Landing and 
Exploration" on t h e  bar  graphs. 

The weight of t h i s  auxi l ia ry  rocket,  plus 

The "Basic Payload" consis ts  of t he  
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crew, cabin, environment control  equipment, navigation and communication 
equipment, and s c i e n t i f i c  instrumentation, but does not include the sub- 
s is tence supplies, since these disappear during the  course of t h e  mission. 

I n  each figure,  "I" represents the  spec i f i c  impulse i n  pounds of 
t h rus t  per  pound of propellant discharged; F/Wo, the r a t i o  of t h r u s t  pro- 
duced t o  vehicle mass; and "a" the  r a t i o  of powerplant mass t o  propellant 
j e t  horsepower. For t h e  moon missionthe higher spec i f i c  impulse chemical 
rocket gives r e s u l t s  comparable t o  t h a t  f o r  t h e  nuclear (thermal) rocket.  
The nuclear e l e c t r i c  rocket given somewhat lower gross weights, but  t h e  
low th rus t  t o  mass:ratio would require of t he  order of 50 days t o  leave 
the ear th  o r b i t ,  too long a t i m e  f o r  a moon t r i p  that  could be completed 
i n  a f e w  days. 

For the Mars t r i p  the  nuclear systems show great improvement over 
the chemical systems. The higher gross mass involved and t h e  higher 
veloci ty  changes required both work i n  favor of t he  nuclear systems. 
t he  choice between the nuclear thermal rocket ( l i s t e d  as Nuclear Rocket) 
and the nuclear-electric propulsion system i s  not c l e a r .  More research 
is needed. 

Here 

A simpler mission, a Mars probe from the ear th  i s  i l l u s t r a t e d  i n  
figure 53. Radiation shielding requirements w i t h  t he  nuclear thermal. 
rockets a r e  lessened, because l i v i n g  matter i s  not aboard. 
rockets r e su l t  i n  considerable improvement i n  payload. Takeoff from the 
earth w i t h  a nuclear thermal racket ( l i s t e d  as nuclear boost)  e n t a i l s  
rad ia t ion  hazards that  cannot, i n  general, be to le ra ted  a t  the  present 
s t a t e  of development. 

The nuclear 

C ONC LUS IONS 

For f l ight  outside t h e  e a r t h ' s  atmosphere t h e  chemical thermal rocket 
current ly  dominates the  p ic ture  and w i l l  do so  u n t i l  the  research on 
nuclear devices leads t o  p r a c t i c a l  engineering appl icat ions.  The choice 
between l iqu id  or s o l i d  chemical propellants f o r  space propulsion i s  
current ly  being decided i n  favor of $he former, except f o r  smaller upper 
s tages .  
e i t h e r  system. 

Additional research is  needed t o  determine the f u l l  p o t e n t i a l  of 

A s  progress is  made i n  adapting nuclear energy t o  spacecraft ,  t he  
current ly  too d i f f i c u l t  space missions w i l l  become p r a c t i c a l .  The choice 
between nuclear-thermal and nuclear-electr ic  systems i s  uncertain a t  t h i s  
time. Again, research i s  required. 

The research emphasis in  f l i g h t  propulsion from air-breathing t o  
rocket engines has increased t h e  required research areas many times. 
i s  a great need f o r  the kind of exploratory research t h a t  w i l l  permit us 
t o  focus our e f f o r t s .  The expense and t i m e  involved makes coordination 
and organization of e f f o r t  increasingly important. 

There 
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